Abstract-By integrating the forward scattering radar (FSR) mode in passive radar can provide many advantages to the conventional passive radar system. The system can benefit from the enhancement in radar cross section (RCS), the low cost and the simple receiver system. In addition, the receiver circuit is less complicated as it does not require a synchronization signal from the transmitter. This paper presents the experimental results for ground target detection and classification in a passive radar system exploiting the effect of forward scatter. The latest 4G Long-Term Evolution (LTE) technology signal is used as the source of the signal transmission. The receiver, the detection and the classification system is explained. Results have shown the system's capability for detecting and classifying ground targets using the FSR technique in passive radar. Hence, it opens up a new frontier in passive radar that can be used for many applications, including border protection, microwave fences, building monitoring and etc.
I. INTRODUCTION
In conventional passive radar systems, the receiver requires information and synchronisation from the direct signal for detection. After down conversion, the base band signal is analysed and the ambiguity function (AF) is evaluated. It is difficult to suppress the high amplitude of the direct signal. On the other hand, this paper is proof that, if the FSR mode is used or used in hybrid form with conventional passive radar, the radar system can benefit; for example, i) a simple circuit, ii) enhancement in radar cross section (RCS) at the forward scatter main lobe (FSML), iii) it does not require a high direct signal and iv. has an easy detection mechanism without any complicated pre-processing signal. With the classification ability of Forward Scattering Radar (FSR), it can make the system more effective and useful.
FSR is a special mode of bistatic radar. Theoretically, in an FSR system, the electromagnetic wave scattered by the target to the receiver is used for detection and location [1, 2] . The FSR condition, which needs the target to be near to the transmitter-receiver baseline, limits the operation to within narrow angles. In addition, the Doppler 'dead zone' (very low Doppler frequencies) and loss of range resolution reduce the practicality of FSR. Nevertheless, the attractive feature is that the steep rise in RCS improves the system sensitivity and is robust to "stealth" technology. The enhancement in forward scatter (FS) RCS which exists within the FSML can be seen within the optical region and a specific scenario in the Mie region [1] [2] [3] . Few papers have discussed the passive radar in Forward Scattering conditions only for target detection by using different signal of opportunity, for example by using signal from Global Positioning System (GPS) satellites [4] [5] and broadcasting signal DVB-T [6] .
Long-term evolution (LTE) is a new wireless communication technology that offers last-mile broadband wireless access with predictable extensive accessibility. The remarkable characteristics that are integral to the LTE signal, and which encourage the utilisation of the LTE for passive radar, are the broad bandwidth and the extent of the carrier frequency band. The allocated bandwidth is from 1.4 MHz to 20 MHz and it adds to the high range resolution in comparison to the global systems for mobile (GSM) communications and other signals. The extensive service frequency band range of 800-3500MHz [7] , permits definite increasing coverage of LTE signals in national and international regions, thus making it possible to have a passive radar configuration. Furthermore, the LTE employs the orthogonal frequency division multiple access (OFDMA) that promises low side-lobes for the ambiguity function [8] . Certainly, the characteristics mentioned make the LTE signal attractive for use in passive radar systems.
The objective of this paper is to evaluate the possibility and potential of FSR in a passive configuration to detect a ground moving target and perform recognition to its categories. The evaluation was carried out on a real LTE signal on air. Three vehicles (cars) at different sizes and speeds were tested. The three categories of cars were used and tested, namely: Compact, Sedan car Small SUV. The experimental results showed that the moving target was easily detected even by the raw received signal without any complicated signal processing technique.
II. EVALUATION ON TARGET DETECTION
A field experiment is carried out for LTE-based FS passive radar using a chosen operational LTE eNB. The objective of the experiment is to detect a moving car passing through the transmitter and receiver baseline in forward scattering mode. Figure 1 illustrates the experimental setup and the geometrical configuration of the area. Unlike other passive radar systems, the passive FSR only requires one channel facing the base station. A receiver was constructed with a simple forward scattering circuit, which applies non-linear processing consisting of a low noise amplifier, a non-linear element, a low pass filter and an analogue to digital converter (ADC). In FS condition, two signals are present at the input of the receiver, namely: the direct signal from the LTE base station, S dr , (assuming phase noise free) and a signal scattered from a target, S sc with a Doppler shift, ω sc [3, 9] . As shown in (1). In the simplified manner, the signal at the input of the receiver S rx can be expressed in (2) [3] , :
(1)
Where A dr and A sc denote the amplitudes of the direct path signal (leakage) and the target scattered signal, respectively. The FSR system uses non-linear element as a detection mechanism with the transfer characteristics of
, similar to mixing effect, hence at the output of the non-linear element the signal could be calculated by:
By applying low pass filtering on the output signal from the non-linear element, the high frequency part of the signal will be filtered out, leaving only two spectral components: the direct path (leakage) signal and the Doppler from the target:
where Ҟ is the conversion coefficient, which depends on the type of non-linear device. The coherent integration time in the FSR system depends on how long the target is within the FSR coverage. The Doppler resolution increases as the integration time increases. Thus the target speed, which is beyond radar control, is an important parameter in passive FSR. However, it is possible to obtain information about the target speed of the received signal, as will be shown in the next session. Figure 2(a) shows the time domain signal from 2 different cars: compact with the length, L=3.4m and Sedan with length, L=4.4m respectively. The envelope of the received signal in the time domain which is due to the Doppler effect can be used for target detection. It is also noted that the waveform scale in the horizontal (time) is proportional to the vehicle speed. Figure 2(b) shows the signal spectrograms respectively. By analysing the spectrograms for both targets, two points can be highlighted: the size of the FSML in terms of time can be estimated and this illustrates that each target has a unique time-frequency characteristics and features which can be used for target classification. Fig. 3 shows the signal spectra of the same car for different speeds. Both figures show that the first null can be approximately calculated from the ratio between the speed and the length of the car, thus this relationship can estimate the target's speed. In addition, the spectrum pattern is unique for specific dimensions of vehicles, and it can be exploited as the feature for any classification method for target recognition. 
III. EVALUATION ON TARGET CLASSIFICATION
The classification system is depicted in Figure 4 . It consists of simple processing sub-systems that analyse the input time-domain signature to arrive at a classification. First, the time domain signature is transformed into the frequency domain using the fast Fourier transform. This is followed by a pre-processing stage, whereby the frequency domain signature is normalised. Principle components analysis (PCA) is used to describe the spectral signature in a more effective manner. This description is then used as the input to a classifier, which can be chosen from a number of established algorithms.
The spectral feature vector obtained from the preprocessing block is not appropriate for direct use in classification because of its high dimensionality and possibly highly correlated features. In this paper, PCA was employed as a means of reducing the dimensionality of the spectral feature vectors inherently clustering the data by exploiting the correlation between the features. PCA projects high-dimensional data onto a lower-dimensional space (called the principal component space) by using the projection that best represents the data in a least-squares sense [7] .The PCA technique performs a linear transformation of a given spectral feature vector o into the principal component space, resulting a new feature vector O, i.e.
O=W.(o-m)
T (5) where m is mean feature vector of the training data and W is a transformation matrix obtained from the training data. Let us denote the covariance matrix calculated from the entire training feature set by S. PCA decomposes the covariance matrix S intoS = ULU T , where L is a diagonal NxN matrix containing the eigen values sorted in a non-increasing order of magnitude and U is a NxN matrix containing the eigen vectors. The transformation matrix W is then formed by the eigenvectors corresponding to the first M highest Eigen values, W = [u1; u2; . . . ; uM].
The classification process consists of two phases: training and recognition phase. In the training phase, a training-set of feature vectors with corresponding class-category available. On the basis of this training data, first the PCA transformation matrix W is computed. Each training feature vector is then transformed into the PCA-space by using (5). For each category c, a set of transformed feature vectors {O c } i forms models of the category, which are used during the classification of an unknown vehicle. In the classification phase, the system captures a signal corresponding to an unknown vehicle passing between the radar-sensors. From this signal, the speed-normalised spectral feature vector, denoted O u , is obtained and is then transformed into the PCA-space, resulting a feature vector O u . The final step of classification is to use a classification rule to decide the class of the unknown vehicle based on the feature vector O u and models of each class. The K-nearest neighbour (3 neighbours) classifier with Euclidean distance was used in this paper Figure 5 shows the photo of the vehicle for each category and Figure 6 illustrates the training data in the principal Voltage (V) Saloon (v=10km) component space defined by the first two principal components. It can be seen that examples of each vehiclecategory are located in different parts of the PCA-space with little overlap between the categories. In this experiment, we used the first three principal components for the classification process, which described 91% of the variance of the training data. The category classification results are presented in Table 1 . The results show that a good performance can be obtained with a limited amount of training data. From these results, it can be seen that classifier was correct by 88% for compact cars, 100% for Sedan cars and 96% for small SUV cars. The misclassification of the compact car as SUV by 12% could be due to the almost similar shape between the two categories but not the dimension. The proposed FSR classification system using the shadow signal from the vehicles, and thus the shadow signal from compact car should look similar to the SUV but with different in dimensions. These results were based on the power spectrum density of the scattered signal from the vehicles. It could be different results if the input signal is based on the spectrogram data or perhaps a combination between the time domain and frequency domain signal. In this paper, the number of data is limited to an average of 30 data. The training data and testing data were swapped during each exercise. Nevertheless, with the limited data, the results are promising, and the system may produce better result with comprehensive database and larger data set. LTE-based Forward Scatter passive radar provides a new, emerging area of research which effectively operates against stealth and low profile targets crossing the FSML region. Experimental results prove that the detection of ground moving targets using FSR in a passive configuration with an LTE signal as an illuminator of opportunity -could detect ground moving vehicles with different sizes and speeds. In addition, the target's features by using the targets Doppler spectrum have shown good recognition performance, which is the main objective of the paper. This is amongst the earlier recognition result of passive FSR to be reported. Despite the significant results achieved in this paper, additional experimentation is needed for further investigation in order to strengthen the LTE-based FS passive radar for target recognition.
